
Coronagraph update and steps forward 

Bruce Macintosh Wes Traub Tom Greene 
Olivier Guyon Jim Breckenridge 

JPL instrument team 

11/3/2014 WFIRST-AFTA Presentation to the CAA  1 



•  Coronagraph science/engineering meetings ~0.5/month 
•  Finalized filter selection, mask combinations for CATE cycle 
•  Integrated modeling progressing and showing promising 

results 
•  Quick-studies on exoplanet characterization completed 
•  Study on Doppler completeness delivered 
•  Discussion on polarimeter architectures 

Update on coronagraph effort 
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Doppler completeness for 76 
coronagraph targets (Howard &Fulton)  
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Survey Completeness

3.0 10.0

Completeness for all 76 Stars

Completeness vs. Semi-major axis Completeness vs. Projected Separation



Doppler survey starting now very 
valuable 
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Scenario 
Defined 

Thermal 
Loads  

Structural 
Deformations 

Ray Trace  
(Sig-Fit +  
Code V) 

Exit Pupil 
WFE  

DM Control 
(EFC) 

Coronagraph 
(PROPER) 

Images / 
Spectra 

Detailed full-physics simulations to 
validate coronagraph with AFTA 

Parameters:    
03 Jan 2023 00:00 ET;  Altitude = 35786 km;      Period = 86164 sec; 
Inclination = 28.5 deg;  RA of Ascending Node = 236 deg 
Arg. Of Periapsis = 270 deg;           Solar = 0.001354 W/mm^2 ;  
Beta Angle = 41.6 deg;                    IR =  0.0002215 W/mm^2;                       Albedo =  0.35 
 
 
 

5 

State Operation Duration (sec) Start Time 
(sec) RZ RY ΔFlux 

(% abs.) 
Prior Star 
61 Uma Stare infinity -infinity -53.7° 26.9° -- 

DH Star: Beta 
Uma 

Slew & Settle 700 
0 -79.4° 34.1° +6.4% 

Stare 22000 

Target Star:  
47 Uma 

Slew & Settle 700 
22700 -60.0° 35.7° +1.6% 

Stare 80300 

Cal Star: 
61 Uma 

Slew & Settle 700 
103700 -53.7° 26.9° -8.0% 

 Stare 80300 



Coronagraph simulations use 
validated wave-optics code 
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AFTAPupil Shaped Pupil Focal plane mask

r = 2.5 – 9 λ /Dc
65° opening angle

27% mask transmission

Lyot stop

r = 0.3 – 0.9 rsp pup



Simulations show e.g. robust 
performance against jitter 

1.6 mas RMS jitter
0.8 mas RMS jitter
0.4 mas RMS jitter 
No jitter

728 – 872 nm 
Jitter levels shown here are after coronagraph fast tip/tilt 



Simulations show stable high contrast 
with AFTA in thermal scenarios 

•  Proper EFC correction for telescope nominal wavefront  (initial DM setting)  
–  Gen 1 SPC design , 10% bandwidth, l = 550 nm, 3.9 ~12.3 l /D WA, 56 deg opening 

angle 
–  Realistic AFTA surface aberration  (amplitude +phase), and 
–  Piston/tip/tilt/focus correction computed only once initially 
–  The system configuration is held constant throughout the observations 
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Raw	  speckle,	  S(t)	   ΔSpeckle	  (rel.	  to	  nominal):	  	  S(t)	  –	  S(0)	  

Typical	  Mean	  Contrast:	  	  ~5.3e-‐9	   Typical	  	  Mean	  	  Δ	  Contrast:	  	  ~4.4e-‐11	  



2.4.3.1 Introduction to characterization of exoplanetary 
systems (Macintosh) 
2.4.3.2 Coronagraph technology: concepts, motivation, 
processing (Kasdin, Breckenridge) 
2.4.3.3 Giant planet atmosphere characterization (Greene, 
Marley) 
2.4.3.4 Sub-neptune and super-earth science (Macintosh) 
2.4.3.5 Exoplanet science modeling (Traub, Macintosh) 
2.4.3.6 Disk science (Greene, Schneider) 

Exoplanet characterization section 
outline 
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2.4.3.1 Intro sections: exoplanet 
population figure 
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(integrate with Microlensing 
versions) 
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Known Exoplanets and Characterized Spectra
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Introduce basic concept of coronagraph 

2.4.3.2 Coronagraph architecture 
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Pupil 
mask 

Occulting 
mask 

Lyot 
mask 

Hybrid Lyot mode 
Filter  
wheel 

Field stop 
mask 

Shaped Pupil mode 
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to LOWFS 
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2.4.3.2 – Technology story 

11/3/2014 WFIRST-AFTA Presentation to the CAA  13 

10-11

10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

 0.1  1

-26

-24

-22

-20

-18

-16

-14

-12

-10

-8

Pl
an

et
/S

ta
r C

on
tra

st

de
lta

 m
ag

ni
tu

de
 (m

ag
)

Angular Separation (arcsec)

Earth

Venus
Jupiter

Saturn

UranusMars

WFIRST-AFTA

GPI
HST

JWST

Self-luminous planets
Known RV planets
Solar System planets

10-11

10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

 0.1  1

-26

-24

-22

-20

-18

-16

-14

-12

-10

-8

Pl
an

et
/S

ta
r C

on
tra

st

de
lta

 m
ag

ni
tu

de
 (m

ag
)

Angular Separation (arcsec)

Future TPF-like 



Future space coronagraphs will likely 
be multipurpose missions 
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8-
meter 

9.2-meter 16.8-
meter 

ATLAST / UVOIR concepts 

AFTA coronagraph teaches us how to do coronagraphy 



•  Overview: WFIRST-CGI will be able to probe the physical natures of planets around nearby Sun-
like stars with visible light reflected spectra 

•  - Will primarily target known giant planets with measured projected radial velocities: 
•  known masses will greatly aid interpretation of spectra 
•  - AFTA 600 - 970 nm spectra will cover numerous CH4 bands and also H2O. 
•   Expect to use techniques established with solar system giant planets to study 
•   the compositions and temperature profiles of exoplanet atmospheres: 
•   .Bands of different strengths allow measuring temperature and CH4 abundance 
•   without ambiguities of cloud altitudes. 
•  - Abundances (CH4, possibly H2O mixing ratios) will constrain C/H and possibly C/O. 
•   These ratios provide clues to how (late accretion of gas or planetesimals) and where 
•   (within or beyond ice lines) planets formed. 
•  - Albedo and color measurements in blue filters probe cloud heights and Rayleigh scattering 
•   by molecules (right section?) 
•  - Show the expected quantitative precision of measuring these properties from the 
•   quick modeling studies that are now underway 
•  - Conclude: WFIRST-CGI will study the physics of a range giant planet atmospheres 
•   (hot and cold, different abundances) and reveal how similar they and their formation 
•   histories are to our solar system's giant planets. WFIRST-CGI will be the only 
•   instrument to date that can study the planets of nearby, Sun-like stars and is 
•   therefore best / uniquely suited for providing context to our own Solar System's 
•   formation and evolution (i.e., lack of giant planet dynamics)  

2.4.3.3 Giant planet science 
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•  Models of directly-imaged super-earths are rare  
–  Existing models over-emphasize earthlike planets 

•  Current modeling focus emphasizes transit atmospheres 
•  Transit probes different atmosphere regions than imaging 

–  Recent paper on Titan transit (Robinson et al) shows sensitivity primarily 
to stratospheric hazes (compare to directly imaged spectrum#) 

2.4.3.4 “super-earth” science 
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Fig. 4. Spectra of effective transit height, zeff,⇥ = Reff,⇥ � Rp, for all four Cassini/VIMS occultation datasets. Key absorption features are labeled, and error bars
are shown only where the 1-� uncertainty is larger than 1%. Our best-fit haze model for the 70�S dataset is shown (dashed line).

haze opacity, though, the deviation is much larger. Clearly future
occultation measurements could help to better understand latitudinal
and seasonal effects on our transit spectra, thus improving our char-
acteristic spectrum.

A Simple Haze Extinction Model
To investigate the source and behavior of the continuum in our transit
height spectra, we derived an analytic model of extinction by an opac-
ity source that is distributed vertically in the atmosphere with scale
height Ha, and whose absorption cross section, ⌅⇥ varies according
to a power law in wavelength, with ⌅⇥ ⇧ ⇥� . Ignoring refraction
effects, which are negligible at most altitudes probed by our spectra,
the wavelength dependent optical depth through the atmosphere for a
given impact parameter is (see Appendix)

⇧⇥ = 2⇧0

�
⇥
⇥0

⇥� b
Ha

K1

�
b
Ha

⇥
e(Rp+z0)/Ha , [3]

where ⇧0 is a reference optical depth at altitude z0, and Kn(x) is
a modified Bessel function of the second kind. With this model, a
transit spectrum can be generated by finding the value of the impact
parameter where ⇧⇥ ⌅ 1, which requires solving a transcendental
expression.

We fit our analytic model to the continua in the 70�S spectrum
(selected since this dataset has been previously analyzed), and in the
characteristic spectrum, which are shown in Figures 4 and 5, respec-
tively. The free parameters in this fit are the haze scale height, Ha,
the reference optical depth, ⇧0, and the exponent in the cross sec-
tion power law, �. For the 70�S dataset, we find Ha = 58 ± 7 km,
⇧0 = 0.9 ± 0.2 (at ⇥0=0.5 µm and z0 =200 km, which we will use
hereafter), and � = �2.2± 0.2. For the characteristic spectrum, we
find Ha = 55 ± 8 km, ⇧0 = 0.8 ± 0.4, and � = �1.9 ± 0.2. Note
that the slope of our power law is not due to pure Rayleigh scattering,
which would have � = �4. Instead it is due to the complexities of
haze particle scattering between the limits of pure Rayleigh scattering
and geometric optics.

Our parameters are in excellent agreement with in situ measure-
ments reported by Tomasko et al. [47], who found Ha = 65 km (with
an uncertainty of 20 km), ⇧0 = 0.76, and � = �2.33 above 80 km
altitude . For further comparison, Bellucci et al. [22], in their anal-

ysis of the 70�S occultation, found Ha =55–79 km, � = �1.7–2.2
between 120–300 km altitude, and ⇧0 ⇤ 0.6. Finally, Hubbard et al.
[48], in their analysis of stellar occultations by Titan’s atmosphere,
found � = �1.7 ± 0.2. These comparisons strongly support our
conclusion that the continuum level in our transit spectra is set by
Titan’s high altitude haze.

Implications
The transit spectra shown in Figures 4 and 5 demonstrate that high al-
titude hazes could have complex and important effects on exoplanet
observations. Note that our data span wavelengths that are nearly
identical to (or larger than) the spectral coverage of the Near In-
fraRed Camera (NIRCam), Near InfraRed Spectrograph (NIRSpec),
and the Near InfraRed Imager and Slitless Spectrograph (NIRISS)
instruments that will launch aboard NASA’s James Webb Space Tele-

Fig. 5. Characteristic transit spectrum for Titan showing both the signal for Titan
transiting the Sun (left y-axis) and the effective transit height (right y-axis), as-
sembled as a weighted mean of the four spectra in Figure 4. The shaded region
indicates uncertainty in our averaging, and is due to deviations from the mean in
the four individual transit spectra. A best-fit haze model is shown (dashed).

4 www.pnas.org/cgi/doi/10.1073/pnas.1403473111 Robinson et al.



2.4.3.4 – 2.4.3.5 

•  Blind search 
models 
(Savransky) 
showing total 
completeness 

•  Need to 
integrate with 
Traub modeling, 
validate (e.g. 
which Kepler 
estimate to use) 
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Scenario 
Defined 

Thermal 
Loads  

Structural 
Deformations 

Ray Trace  
(Sig-Fit +  
Code V) 

Exit Pupil 
WFE  

DM Control 
(EFC) 

Coronagraph 
(PROPER) 

Images / 
Spectra 

Discuss modeling in Section 2 or 3 
(or both?) 

Parameters:    
03 Jan 2023 00:00 ET;  Altitude = 35786 km;      Period = 86164 sec; 
Inclination = 28.5 deg;  RA of Ascending Node = 236 deg 
Arg. Of Periapsis = 270 deg;           Solar = 0.001354 W/mm^2 ;  
Beta Angle = 41.6 deg;                    IR =  0.0002215 W/mm^2;                       Albedo =  0.35 
 
 
 

18 

State Operation Duration (sec) Start Time 
(sec) RZ RY ΔFlux 

(% abs.) 
Prior Star 
61 Uma Stare infinity -infinity -53.7° 26.9° -- 

DH Star: Beta 
Uma 

Slew & Settle 700 
0 -79.4° 34.1° +6.4% 

Stare 22000 

Target Star:  
47 Uma 

Slew & Settle 700 
22700 -60.0° 35.7° +1.6% 

Stare 80300 

Cal Star: 
61 Uma 

Slew & Settle 700 
103700 -53.7° 26.9° -8.0% 

 Stare 80300 



Disk science sim figure: 
47 UMa + 30 Zodi disk 
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47 Uma disk SNR Analysis (GS; no planets) 

10 hr integration time, as 
in images 
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SNR per pixel (1 – 4 stretch) 
SNR per 1.2!/D res. element  

(1 – 15 stretch) 

47 Uma system update 

Simulated AFTA SPC (left) and HLC images (right) for 10 hr integration 
time . Same spatial scale (0.14 mas / pixel) and intensity scales (-10 – 
100 electrons). 

 ! Using Old SPC and HLC models! 
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Zodipic 550 nm (10% BW)  simulations of a 30x solar system zodi disk around the 47 Uma G star at 14 pc.  Red circle shows IWA =  140 mas 

Disk is detected at low SNR in multiple resolution elements, 
Planets b (2.1 AU)  and c (3.6 AU) are easily seen 

Residual speckle noise 

Planet c detected  
at high SNR 

Gap between SP 
Wedge rotations  

PSF-subtracted image 

Binned SNR map of disk (peak SNR=15) 

Simulations by Tom Greene and Glenn Schneider using 1st-gen HLC 



Major uncertainties (technical and 
political) 
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Jitter terminology needs to be 
clarified (telescope jitter 14 mas) 

1.6 mas RMS jitter
0.8 mas RMS jitter
0.4 mas RMS jitter 
No jitter

728 – 872 nm 
Jitter levels shown here are after coronagraph fast tip/tilt 



•  Jitter story consistency (jitter vs “residual tip/tilt”)  
•  Nominal mission time allocation (quasi-DRM?)  
•  Modeling consistency (Kepler realizations, search strategy) 
•  Show multiple cases for jitter, PSF subtraction? 
•  Calibration? 
•  The Starshade Question 

•  Other areas 
–  Non-exoplanet COR science in GO or other? 
–  Young systems (cf. Tamura presentation) 
–  Polarimetry capabilities  

Major uncertainties (technical and 
political) 
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•  Wavefront control algorithm development (algorithms need 
to be addressed in tech development plan) 

•  DRM-like scenarios 
•  Polarimetry modes (simple to complex)  

Future tasks 
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